Forestry in Britain has developed rapidly during the last 50 years, with ~10 per cent of the land area of Britain now forested. This is double the forest area of the 1920s, but is still a small percentage of total land area relative to other European countries (Forest Enterprise, 1998). British forests were originally planted with timber production as the major priority, but they are now increasingly valued for recreation, conservation and social purposes (Forestry 
. Invasive weeds in forestry and woodlands cause significant annual losses, from both an economic and an ecological perspective. It is estimated that up to £5 000 000 might be spent each year to control weed problems in British forestry (I. Willoughby, personal communication) .
UK forest weeds include grassy, herbaceous and woody species, which may be native or introduced. These invaders have physiological characteristics enabling them to compete highly successfully for light, nutrients and water, resulting in the suppression or death of young planted or naturally regenerating trees. Some of the most important forest weed species in the UK include bracken (Pteridium aquilinum (L.) Kuhn), bramble (Rubus fructicosus agg.), Japanese knotweed (Fallopia japonica (Houett.) Ronse Decr.) and rhododendron (Rhododendron ponticum L.) (Willoughby et al., 2003; C.E. Edwards, personal communication) . Despite many years of control efforts using mechanical and chemical methods, these weeds remain a serious problem for commercial forestry and restoration of native woodlands in Britain. Other countries, such as New Zealand (Bassett et al., 1990; Frölich and Gianotti, 2000) , the USA (Markin and Gardner, 1993) , Canada (Wall et al., 1992) and The Netherlands (de Jong, 2000) , have been looking at alternative control options for their weed problems in forestry, focusing on biological control. Biological control could also be an option for forest weeds in the UK.
Biological weed control
Biological control has been used in weed management long before the development of chemical herbicides. The principles of biological control have been developed over the past 100 years by entomologists using natural enemies of insects (Waage, 1997; Evans and Seier, 2001 ). The idea of using fungi to control weeds is not a new concept either. Pathologists in New Zealand were assessing the potential of fungi to control aggressive, alien weed species early in the twentieth century (Cockayne, 1910; Cunningham, 1927) . In the last 30 years there has been a renewed interest in the use of fungi to control weeds, as a sustainable, low cost, and more environmentally acceptable method of weed control. There are two main approaches to biological weed control using fungi: (1) the classical approach and (2) the bioherbicide approach.
Classical biological control
The classical approach is directed mainly towards the control of exotic weeds, which have spread in the introduced area in the absence of natural enemies. Control is achieved by the importation and release of highly host-specific pathogens virulent to the target weed in its native region. The objective of the classical approach is to recreate the natural balance in order to reduce the weed population, through self-perpetuation and natural dispersal of the pathogen (Templeton et al., 1979; Watson, 1991) . Therefore, classical control is best suited to exotic weeds in undisturbed areas such as natural forest, national parks and rangelands, as disruption of the weed's population by human activity could reduce the efficacy of the biocontrol agent (Altman et al., 1990 ). An example of successful classical biological control of a forest weed occurred in Hawaii in the 1970s when a white smut fungus (Entyloma ageratinae sp. nov.) was introduced from Jamaica to control the exotic weed mistflower (Ageratina riparia (Regel) K. & R.), which was choking out Hawaiian indigenous forest. The effect was rapid, with 95 per cent control after 3-4 years (Trujillo et al., 1988) . More recently, the same research group have introduced Septoria passiflorae Syd. for the biological control of the exotic weed, banana poka (Passiflora tripartita (Juss.) Poir var. tripartita HolmNie. Jörg. & LAW), at different forest sites in Hawaii with over 50 per cent biomass reduction of the weed 3 years after inoculations (Trujillo et al., 2001) .
The bioherbicide approach
The bioherbicide approach to control weeds has been under development since the 1980s. Bioherbicides are plant pathogens, developed and used inundatively to control weeds in the way that chemical herbicides are used (Charudattan, 1991) . The principle behind the bioherbicide strategy is that a number of plant pathogens are associated with many weed species but, owing to environmental or physiological constraints, their population levels are not destructive (Templeton et al., 1986) . Surveys are conducted to find endemic pathogens virulent on the target weed in the area where the weed is a problem. Suitable pathogens must be mass-produced in culture and their pathogenicity tested on the weed in a range of environmental conditions, followed by field efficacy and host range tests (Ayres and Paul, 1990) .
Once in the field, the inundative application of inoculum is timed to coincide with the most favourable environmental conditions and susceptible growth stage of the weed, so that a disease epidemic occurs, and the weed population is suppressed (Templeton et al., 1986; Charudattan, 1991) . Once the weed problem has been removed, natural constraints ensure that the pathogen population returns to a low level once again. It is important to have a detailed understanding of efficacy, spread and survival, nontarget effects, and environmental fate of the bioherbicide for registration purposes (Wall et al., 1992) . Bioherbicide inoculum is susceptible to unfavourable environmental conditions after spraying, and viability needs to be maintained for as long as is necessary to achieve infection following application. Therefore, considerable research has been directed towards developing bioherbicide formulations which overcome environmental constraints to infection, enhance efficacy, and facilitate effective application to the target weed (Green et al., 1998) .
Advantages of the bioherbicide approach
The bioherbicide approach has a number of advantages over the classical approach. The fact that indigenous pathogens are generally used avoids difficulties with import regulations associated with the introduction of exotic organisms. The bioherbicide approach also allows a certain level of control of the pathogen within defined areas (Hasan and Ayres, 1990) . Control of agent distribution enables greater flexibility than the classical approach, thus reducing the likelihood of conflict of interests in areas where beneficial host species occur. In addition, it is possible to recover the bioherbicide development costs through retail of the bioherbicide pathogen.
Current bioherbicide strategies
Small biotechnology companies or national organizations operating at the cottage industry level have been at the forefront of bioherbicide development (Evans and Seier, 2001) . Foliar applied bioherbicides which have reached the stage of commercial production include two products based on Colletotrichum spp., Collego ® and BioMal ® , which are both available in North America and used against agricultural weeds (Charudattan, 1991; Makowski, 1993) . A species of Phytophthora has also been registered under the name DeVine ® for the control of a serious weed in citrus groves in Florida (TeBeest, 1990) . All of these products are applied as fungal spores in simple liquid formulations, which are sprayed onto the target host using conventional spraying equipment (Green et al., 1998) .
Another successfully employed bioherbicide technique is the use of endemic wood-rotting fungi to control woody invasive weeds. These fungi are applied to the surface of cut stumps to prevent re-sprouting. In South Africa, basidiospores of Cylindrobasidium laeve (Pers.: Fr.) Chamuris, registered as Stumpout ® , are currently routinely applied to freshly cut stumps of Acacia spp., weedy exotics introduced from Australia. Application of this bioherbicide kills 95-100 per cent of the re-sprouts (Morris et al., 1999; Evans and Seier, 2001) . Another woodrotting basidiomycete, Chondrostereum purpureum (Pers. ex Fr) Pouzar, is currently on the market in The Netherlands as 'BioChon' for control of invasive North American Prunus and Populus spp. in natural and commercial forests (de Jong, 2000) . Although C. purpureum has a wide host range, including fruit tree species of considerable economic importance, epidemiological evidence showed that application of the product posed no threat to susceptible crops cultivated >500 m from the treatment area (de Jong et al., 1990) . This evidence allowed approval for use of C. purpureum to be granted in The Netherlands.
Native isolates of C. purpureum are also under development in Canada as two bioherbicide products for stump treatment: Myco-tech™ and Chontrol™. The aim of this approach is to control weedy hardwood species such as red alder (Alnus rubra Bong.), red maple (Acer rubrum L.), aspen (Populus tremuloides Michx.) and paper birch (Betula papyrifera Marsh.) in young conifer plantations, public rights-of-way and amenity areas (Wall, 1997; Jobidon, 1998; Becker et al., 1999; Harper et al., 1999; Pitt et al., 1999) . Molecular studies have shown that a high degree of genetic variation exists within Canadian populations of C. purpureum (Gosselin et al., 1996) . Currently, Chontrol™ is undergoing environmental impact assessments across Canada, involving the use of molecular markers to analyse dispersal as well as gene flow between the biocontrol isolate and local populations of C. purpureum (Hintz et al., 2001) .
The potential of bioherbicides for UK forestry
There are a number of UK forest weeds, indigenous and non-indigenous, which are difficult to control using currently available management techniques. Health and environmental concerns related to chemical usage are also gaining higher profile as the ecological, conservation and recreational values of forestry increase (Forestry Commission, 2000) . In order for forest products to meet the certification standard for the voluntary UK Woodland Assurance Scheme (UKWAS), forest owners and managers are required to reduce chemical usage in their woodlands, and must show that they have fully considered the use of alternatives to chemical herbicides (UKWAS Steering Group, 2000) . Currently, the European Union (EU) is reviewing all pesticides used for plant protection purposes. Only substances shown to be without danger to human or animal health, or to the environment, will be authorized for use within the Community. To maintain product registration, manufacturers are required to demonstrate, at considerable cost, that their products are safe when used at the recommended rates. This review may result in the withdrawal of a number of herbicides used in UK forestry (C. Edwards, personal communication) . Considering these factors, bioherbicides are an attractive alternative to chemical herbicides. Although they will still require to be listed as pesticides within the EU, bioherbicides consist of indigenous fungi which are biodegradable, limited in their spread and persistence, and are less likely to pollute soil or water (Wall et al., 1992) . Bioherbicides are likely to be more readily acceptable in UKWAS certified forests than synthetic chemicals.
The need to provide alternatives to chemical herbicides is being addressed in a number of countries, most noticeably by the Canadian forest industry. In the early 1990s, the Canadian Forest Service initiated a full-scale research programme based at the Pacific Forestry Centre in Victoria, BC, to investigate the potential for the use of bioherbicides against forest weeds (Wall et al., 1992) . This programme has led to the patenting of a formulation of C. purpureum as the bioherbicide, Chontrol™, as well as evaluations of Fusarium avenaceum (Fr.) Sacc. to control weedy Rubus spp. and Valdensinia heterodoxa Peyronel against the ericaceous shrub Salal (Gaultheria shallon Pursh) (Vogelgsang et al., 2001) . Experiences in Canada and elsewhere indicate that an investigation into the use of bioherbicides could also be considered for forest weed management in the UK.
Major weeds in UK forestry and the potential for bioherbicide development

Bracken
Introduction and biology Bracken (Pteridium spp.) is a ubiquitous plant, occurring in most regions of the world (Burge and Kirkwood, 1992) . Pteridium aquilinum is the native species of bracken found throughout the UK, Europe and most of Africa, and is one of the three most economically important species of bracken worldwide (Burge and Kirkwood, 1992) . In the UK, bracken is a component of natural and seminatural woodland communities, and holds an important role in ecosystem succession between heath and woodland . As well as providing cover for birds and small mammals, there are a number of nationally important insect species associated with bracken-dominated ground flora (Burge and Kirkwood, 1992; Pakeman et al., 2000) .
Bracken is also regarded as a serious agricultural and forest weed in many regions, including Europe, North America, Australia and New Zealand (Womack and Burge, 1993) . The main factors contributing to the success of bracken as a competitor, and as a weed, have been outlined by Marrs et al. (2000) . These include (1) a large rhizome system containing considerable carbohydrate reserves which also provides its primary means of spread, (2) a large capacity to produce new fronds which shade out other species, (3) large accumulations of litter which prevent other species from colonizing and (4) the production of a number of toxic chemicals in its tissues which prevent browsing by herbivores. These chemicals may also exert an allelopathic effect inhibiting growth of other plant species, and there are concerns that they are carcinogenic to livestock and humans (Burge and Kirkwood, 1992) .
In the UK, bracken is most prevalent in warm, high rainfall areas and on well-drained, fertile, slightly acid soils (Brown and Robinson, 1997) . It occurs predominantly in the west of the UK in areas of extensive grazing at ~200-400 m elevation, and occupied ~3800 km 2 in the UK in 1990 . Trends in upland land use and climate change will have an effect on the future distribution of bracken. Large areas of the uplands may be at risk from invasion as a result of changes in grazing pressure, and an increase in temperature and growing season, although this may be offset by increases in woodland area due to grant schemes . Although not considered to be a problem in mature woodland stands, bracken rapidly colonizes open ground after felling, exerts strong competition for light, moisture and nutrients, and can smother and kill young trees on natural regeneration or restock sites (Biggin, 1982; Lawrie and Clay, 1994; Willoughby et al., 2003) . Bracken is also a fire hazard in forestry as fronds dry out in winter and spring and are highly inflammable (Biggin, 1982) .
Current control options
In forestry situations, bracken must be suppressed sufficiently to allow tree establishment. Currently, this is achieved either through cultivation techniques, the use of herbicides, or combinations of cutting and herbicide spraying (Biggin, 1982; Le Duc et al., 2000) .
Cultivation techniques include hand or mechanical cutting, rolling/crushing or ploughing . These techniques tend to be labour intensive, expensive, costing up to well over £1000 per hectare for complete control (Willoughby et al., 2003) , and have the effect of weakening or suppressing bracken rather than killing it. Deep ploughing can be very effective if rhizomes are brought to the surface, and can be cheaper than other non-chemical techniques, costing around £300-400+ per hectare for complete control. However, at least two seasons of ploughing are required for complete control, it is not an option on steep slopes, and it can also have considerable adverse environmental impacts (Willoughby et al., 2003) .
A range of herbicides can be used to control bracken in forestry. These include asulam, glyphosate and imazapyr (Lawrie and Clay, 1994; Willoughby and Dewar, 1995; Willoughby et al., 2003) . Herbicides are generally cheaper than cultivation techniques, costing approximately £100-200 per hectare for complete control, and a single application may give sufficient control to allow tree establishment (Willoughby et al., 2003) . Asulam and glyphosate are both systemic herbicides which are translocated into the rhizomes, killing the buds and preventing regrowth (Brown and Robinson, 1997) . However, these herbicides can cause damage to sensitive tree species (Lawrie and Clay, 1994) and could be problematic in areas where the establishment of native broadleaved tree species is the main aim. In addition, the misuse of herbicides in UK forestry could result in environmental contamination and present a risk to health. For these reasons, reliance on herbicides to control forest weeds tends to be regarded by the public as an unfavourable practice.
Biological control of bracken using bioherbicides
Bracken could be considered a good candidate weed for control using a bioherbicide. It is one of the major weeds in UK forestry and upland agriculture, and of sufficient economic importance to justify the establishment of a bioherbicide research programme. It also presents an efficient target for spraying with a bioherbicide, as it forms dense, large stands with generally continuous canopies (Womack and Burge, 1993) .
For these reasons, numerous researchers have investigated the potential for the biological control of bracken using fungal pathogens in the UK (Burge and Irvine, 1985; Burge et al., 1986 Burge et al., , 1988 Munyaradzi et al., 1990) . However, literature searches and field surveys have yielded very few pathogens capable of inflicting significant damage on to the weed since most fungal associations with bracken are saprotrophic (Munyaradzi et al., 1990; Burge and Kirkwood, 1992) .
A pinnule die-back of bracken, caused by a basidiomycete, Ceratobasidium anceps (Bres. & P. Syd.), has been described in damp, woodland situations in Scotland and Ireland. However, because of its restricted habitat, and a failure to sporulate in culture, this pathogen has received very little attention as a possible bioherbicide (Burge and Kirkwood, 1992) . One foliar disease of bracken, a curl-tip disease, was found occurring naturally in the UK, and was able to cause severe outbreaks of infection in a number of locations, including open hill land (Burge and Kirkwood, 1992) . This disease was considered to have the most potential for the biological control of bracken of any of the fungal agents surveyed (Irvine et al., 1987) . The causal agents of this curl-tip disease were identified as Ascochyta pteridis Bres. and Phoma aquilina Sacc. & Penz., the former being the primary pathogen (Irvine et al., 1987) .
An intensive research programme was conducted during the 1980s and 1990s at the University of Strathclyde, Glasgow, led by Dr M.N. Burge, to investigate the potential for bracken control with bioherbicidal formulations of A. pteridis (Munyaradzi et al., 1990; Womack and Burge, 1993; Womack et al., 1996) . Factors limiting infection of bracken by the pathogen included poor germination on the host, the requirement for a minimum dew period of 8-9 h following inoculation, and host resistance (Burge and Kirkwood, 1992) . Bioherbicide formulations were developed, aimed at reducing the impact of these inhibitory factors. Formulations tested included applying the spores in a vegetable-oilbased invert emulsion to reduce the dew requirement, and pre-treating the bracken with herbicide to inhibit resistance to the pathogen (Womack and Burge, 1993) . Although multi-point infection of fronds could be induced in the field using formulated spores of the fungus, subsequent lesion development was slow and rhizome infection could not be established. As a result, bracken was able to outgrow infection and vigour was not sufficiently reduced, leading to the termination of the programme (M.N. Burge, personal communication).
Future potential for bioherbicide control of bracken in UK forestry Considerable effort has already been directed towards developing a foliar bioherbicide for bracken in the UK, without success. It is unlikely that a new search will yield a previously unknown foliar-applied pathogen with sufficient virulence to kill out foliage and rhizomes of the weed, although surveying for root-infecting organisms may yield potential new candidate pathogens. However, application of soil-borne bioherbicides requires intensive manipulation of the soil environment, and is an approach better suited to high-input agricultural or horticultural systems rather than the extensively managed upland, forest areas of the UK. Therefore, it is considered here that bracken is not a suitable target weed for a future bioherbicide programme for UK forestry.
Bramble
Introduction and biology Bramble (Rubus fruticosus) is a biennial to perennial, scrambling, thorny shrub with woody stems, belonging to the family Rosaceae. It consists of a complex of species, differing in terms of thorniness, leaf shape and petal colour, but all produce a common fruit, the blackberry, in the autumn (Stace, 1997) . It is native to the north temperate regions of Europe and North America and is common in a range of natural and man-made habitats, particularly in woodlands and hedgerows. In the UK, bramble is abundant in central and southern regions, but is much less common in Scotland (Stace, 1997) .
Bramble is stoloniferous, but also spreads by seed, and hybridizes freely (Stace, 1997) . It can rapidly dominate felling sites in central and southern Britain, forming dense stands which compete with other species for light, moisture and nutrients (Kirby, 1990) . A dense ground cover of brambles can result in the shading and killing of young planted trees, and can also inhibit natural regeneration during the early establishment period (Schreiner et al., 2000; Willoughby et al., 2003) .
Current control options Physical methods of control, such as hand or mechanized cutting or flailing, tend to stimulate re-growth of bramble and disturb the soil, resulting in erosion and activation of the weed seed bank (Schreiner et al., 2000) . The costs are also high, ranging from £500 to £4000 per hectare (Willoughby et al., 2003) . Usually, chemical control is required, with the herbicides glyphosate, triclopyr, 2,4-D/ dicamba/triclopyr, fosamine ammonium and imazapyr registered for use on bramble (Willoughby and Dewar, 1995) . The costs of herbicide control range from £50 to £410 per hectare, with glyphosate, imazapyr and, particularly, triclopyr shown to be highly effective against bramble (Harmer et al., 2000) . However, most of these herbicides are broad spectrum and damage to non-target species can occur (Willoughby et al., 2003) . There are also potential risks to wildlife and human health.
The potential for the biological control of bramble using bioherbicides There are likely to be many species of fungi associated with bramble in the UK, some of which will be primary pathogens. Since cutting and treating cut stems with a bioherbicide may not be a practical or effective control method for bramble, due to its stoloniferous habit and potential for rapid regrowth, a foliar-applied bioherbicide would be the most feasible approach.
Canadian researchers based in British Columbia have spent a number of years evaluating endemic fungal pathogens for their potential as bioherbicides for weedy Rubus spp. in conifer regeneration sites. Fungi studied for this role include Septoria rubi West., Cylindrocarpon destructans (Zinf.) Schölten, F. avenaceum, Colletotrichum dematium (Pers.) Grove, and a species of Phomopsis , with F. avenaceum showing the most potential . Biological control of Rubus spp. with endophytic fungi has also been explored in Canada (Shamoun and Sieber, 2000) . However, the resistance and vigorous re-growth of these woody weeds meant that weakening the plants by prior mechanical or chemical damage was necessary for inoculations to cause severe foliar injury . A high degree of genetic variability in the bramble complex is an additional factor which may reduce the overall efficacy of individual bioherbicide agents. Surveying for a range of virulent pathogens on bramble could be undertaken in the UK. However, the Canadian experience of finding it difficult to achieve effective control of Rubus spp. using a single foliar agent should be borne in mind. In addition, the degree of economic and ecological damage caused by bramble in UK forestry may be less than other invasive weeds, and possibly not sufficient to justify launching a bioherbicide programme for bramble alone.
Japanese knotweed
Introduction and biology Japanese knotweed (Fallopia japonica) belongs to the rhubarb family, the Polygonaceae, and it has an extensive native range across China, Korea and Japan (Bailey, 1994) . The species was introduced into the UK as an ornamental garden plant in the nineteenth century, but soon escaped from cultivation to become a problematical invasive species in most parts of the British Isles (Bailey, 1994; Hollingsworth and Bailey, 2000) . It is now regarded as a pernicious alien weed in the UK due to the difficulties and cost associated with eradication. Since 1981 it has been a criminal offence under the Wildlife and Countryside Act to introduce Japanese knotweed into the wild or to allow it to spread (Hollingsworth and Bailey, 2000) .
Japanese knotweed has an interesting genetic history in the British Isles. It is speculated that a single plant, which was sent to Kew from a nursery in The Netherlands in the 1850s, was the only introduction of this species into the UK, with all subsequent stock related to this original mother plant (Bailey, 1994) . Molecular studies of genetic diversity have recently provided strong evidence to confirm this theory, with RAPD (random amplified polymorphic DNA) profiles indicating that the entire British population of Japanese knotweed consists of a single male-sterile (female) clone (Hollingsworth and Bailey, 2000) . The authors of this work suggest that this clone may represent one of the world's largest vascular plants. Japanese knotweed has also hybridized with male fertile plants of a related introduced species, giant knotweed (Fallopia sachalinesis (F. Schmidt ex Maxim.) Ronse Decr.), and these invasive hybrids are common throughout the British Isles (Bailey, 1994; Hollingsworth and Bailey, 2000) .
Because of the absence of male-fertile clones in the UK, Japanese knotweed cannot reproduce itself sexually, and therefore spreads only by vegetative means (Bailey, 1994) . Japanese knotweed produces woody, large and vigorous rhizomes, which may extend for up to 7 m away from above ground stems, and down to 2 m depth (Child and Wade, 2000) . It is these rhizomes which enable the plant to spread into previously uncolonized areas. Small pieces of rhizome can be spread in transported soil, or in water, and can regenerate into new plants (Dawson and Holland, 1999) . Adventitious root growth followed by shoot production can also occur from stem sections in suitable, damp conditions (Bailey, 1994) . Japanese knotweed is particularly invasive on acid and well-drained soils (Schnitzler and Muller, 1998) . It can grow to over 3 m in height (Kidd, 2000) and its large leaves and rhizomes are very demanding of light, nutrients and water which enable it to out-compete other vegetation (Schnitzler and Muller, 1998; Dawson and Holland, 1999) . In the UK, it has become an efficient colonizer of derelict or disturbed land such as quarries and mines, railway banks and roadsides, and it is a particular problem along watercourses (Dawson and Holland, 1999) . Japanese knotweed is also an invasive weed problem of plantation forestry (Schnitzler and Muller, 1998) . The worst affected parts of the UK are Wales and Cornwall (Kidd, 2000) . Current costs of controlling Japanese knotweed in Wales alone are estimated at £1.13 million per year (R. Shaw, personal communication).
Current control options
The main aim of control programmes for Japanese knotweed is to damage or kill the rhizomes, which usually takes a few years of continued treatment (Child and Wade, 2000) . Mechanical or manual methods of control of the weed, such as cutting, pulling and flailing, have been shown to be inadequate by themselves, unless conducted over many years to bring about depletion of the rhizome reserves (Child and Wade, 2000) . Chemical control with a rhizome-translocated herbicide such as glyphosate, 2,4-D amine or mecoprop, over 2 or more years, is currently the most effective means of killing Japanese knotweed (Willoughby, 1996; Kidd, 2000) . However, non-selective herbicides such as glyphosate can cause loss of all vegetation, which can destabilize banks, resulting in public concern. In addition, the use of herbicides is restricted along watercourses where the weed is a major problem (Kidd, 2000) .
Control methods have been devised to reduce the amount of herbicide applied. A combination of deep digging to fragment the rhizome system, followed by glyphosate application strictly targeted to the regrowth, has resulted in a high rate of successful control (Child and Wade, 2000) . The use of weed-wipers or glove-wipers to apply the herbicide, and a technique of spot herbicide application following stem cutting, can provide more selective killing of the weed (Child and Wade, 2000; Kidd, 2000) . However, current control options for Japanese knotweed can run to millions of pounds annually (Kidd, 2000) . Herbicide programmes can cost £30 000 per hectare for a 5-year spraying regime to achieve a 95 per cent kill (R. Shaw, personal communication). The heavy reliance on herbicides and high costs currently required to control Japanese knotweed has led to an interest in biological methods of control as a cheaper and more sustainable approach.
The potential for the biological control of Japanese knotweed Japanese knotweed is a suitable target weed for a biological control programme, as it forms dense, uniform stands, resulting in significant economic and environmental cost. The lack of genetic diversity of Japanese knotweed in the UK is also advantageous for a biocontrol programme, as genetic variation in its susceptibility to host-specific agents will be low. However, the classical approach, rather than the bioherbicide approach, has received most attention to date. The main reason for this is that Japanese knotweed is only a serious weed problem in its areas of introduction, rather than in its native range where natural enemies keep its numbers in check (Kidd, 2000) . The lack of natural enemies of Japanese knotweed in the UK is generally considered to be an important factor contributing to its invasiveness in this country, whereas in Japan, at least 28 species of insect and six species of fungi are associated with the plant (Kidd, 2000) .
CABI Bioscience (which includes the former International Institute of Biological Control), based at Egham, Surrey, are currently conducting a programme of research into the classical biological control of Japanese knotweed, with a view to introducing highly host-specific primary pathogens or defoliating insects from its native range (Child and Wade, 2000) . The initial set-up mission revealed a host of natural enemies, of which a Gallerucine beetle and a Puccinia rust show the most potential as biocontrol agents (R. Shaw, personal communication). The aim of CABI's biocontrol programme is a widespread reduction in the weed's impact over the long term, rather than site-specific elimination, as control will rely on repeated defoliation to reduce the vigour of the plants gradually.
Rhododendron
Introduction and biology Rhododendron (Rhododendron ponticum) belongs to the family Ericaceae, and it has a natural range extending from the Iberian Peninsula to the mountains of north-west Turkey (Cross, 1975) . Native populations of this species have become very confined and even endangered, with some particularly ancient and rare undisturbed communities in the Black Sea mountains of Turkey (Rotherham, 2001) .
Rhododendron was introduced into the British Isles from Gibraltar in 1763. It became widely popular during the nineteenth century in the gardens of large estates as a showy ornamental, to provide cover for wildlife and game, and as stock to produce cultivated hybrids (Rotherham, 2001) . However, as Victorian estates fell into neglect, rhododendron soon spread to colonize a range of diverse environments, particularly sandy or peaty, acid soils to the point at which it is now regarded as the most ecologically damaging exotic weed in the UK (Peterken, 2001; Rotherham, 2001) .
A combination of characteristics contribute to the invasiveness of rhododendron in the British Isles and enable it to out-compete native species and plantation forestry. It is a highly prolific seed producer, with one bush capable of producing a million tiny seeds per year, which are easily distributed by wind and on animal fur (Tabbush and Williamson, 1987) . Although seed production is its main form of spread, rhododendron can also regenerate from buried stem fragments (Tabbush and Williamson, 1987) . It forms freely layering, dense thickets up to 5 m in height, photosynthesizes and grows during winter on Britain's west coast, and is very shade tolerant (Rotherham, 2001) . High concentrations of phenols in its tissues render rhododendron unpalatable to browsing animals and invertebrate species. These phenols have been shown to produce an allelopathic effect in heathland plant communities (Rotherham, 2001) . Escaped, cultivated hybrids have also contributed to the invasiveness of rhododendron in the UK (Tabbush and Williamson, 1987) .
As a result of these physiological characteristics, rhododendron is now widely established as a woody weed in western parts of England, Wales, Scotland and Ireland where the warmer winters and wetter climates favour the spread and establishment of the plant (Evans and Seier, 2000; Rotherham, 2001) . Rhododendron colonizes mature woodlands, open hill land, and previously disturbed sites where seedlings can establish easily (Edwards and Morgan, 1996; Rotherham, 2001) . Colonization is rapid in damp, mossy conditions along power line tracks, forest roads, water courses, overgrazed areas, clearfell sites, and after forest thinning operations (Tabbush and Williamson, 1987; Willoughby et al., 2003) . Conservation areas particularly under threat from rhododendron infestations include Snowdonia National Park (Gwynedd County Council, 1987) , nature reserves and Sites of Special Scientific Interest in western Ireland, western Scotland and Lundy Island where endemic species of flora and fauna are threatened with extinction (Evans and Seier, 2001) .
In UK forestry, rhododendron interferes with silvicultural practices, increases the cost of harvesting operations, and presents a physical barrier to access (Edwards and Morgan, 1996; Willoughby et al., 2003) . It also shades out replanting schemes, kills woodland flora, and prevents natural woodland regeneration (Rotherham, 2001 ). Peterken (2001) considered it a very serious ecological threat to native woodland in western Britain.
Current control options Physical and chemical methods are employed to control rhododendron, and are most effective when used in combination (Tabbush and Williamson, 1987) . Physical methods of control include hand cutting and pulling, followed by burning, which may cost in the range of £1500-7000 per hectare and which require hard, physical labour. These methods are generally only effective against young seedlings, as rhododendron can re-grow from cut stumps and buried stem fragments (Willoughby et al., 2003) . Bulldozing and mechanized cutting may also be used to control rhododendron. Hydraulically driven flails on tracked or walking excavators which cut and mulch rhododendron have been tested in western Scotland and in Exmoor National Park. Such machines can be used on wet slopes up to 45 or 50°and were found to be cheaper than, or equivalent in cost to, manual cutting and burning, depending on the degree of infestation (Murgatroyd, 1996 (Murgatroyd, , 1998 . However, the use of such machinery costs £500-4000 per hectare, depending on the type of flail and excavator, it can result in severe site disturbance, and requires the removal of some trees to allow machine access (Murgatroyd, 1996 (Murgatroyd, , 1998 . In addition, powered flails are not suitable in denser woodlands or on steep or uneven terrain (Edwards et al., 2000) . Generally, herbicide treatment of re-growth is necessary following flailing (Willoughby and Dewar, 1995; Willoughby et al., 2003) .
There are a number of herbicides recommended for the control of rhododendron. These are ammonium sulphamate, 2,4-D + dicamba + triclopyr, glyphosate, imazapyr and triclopyr (Willoughby and Dewar, 1995; Willoughby et al., 2003) . Herbicides can be applied either as foliage sprays, stump treatments or stem injections, depending on the extent of the infestation (Edwards et al., 2000) . Foliage sprays are most effective on small bushes and seedlings, but must be applied to give full coverage as translocation of herbicides within rhododendron stems is poor (Tabbush and Williamson, 1987) . The glossy, waxy foliage of rhododendron can also present a barrier to herbicide uptake (Tabbush and Williamson, 1987) . Stem injections of glyphosate and imazapyr have been evaluated recently, and gave better control of rhododendron than other methods of herbicide application (Edwards et al., 2000) . A new system awaiting testing by the Forestry Commission, called 'EzJect lance', injects the herbicide directly into the stem without operator exposure to the herbicide (C. Edwards, personal communication) . However, such an approach may be difficult to sustain over large areas of infestation (Evans and Seier, 2001 ).
For larger bushes and clumps, the most effective method of control is to cut or flail, followed by a separate herbicide application which is sprayed on to the freshly cut stumps (Willoughby et al., 2003) . A new system, the 'Sprout-Less Herbicide Applicator' (Sprout-Less Vegetation Control Systems, Saint Joseph de Madawaska, Canada), has been developed in Canada and combines stem cutting with herbicide application via the clearing saw in a single operation. Currently, the Technical Development Branch of the Forestry Commission has this system on trial, with approval for use with glyphosate only (C. Edwards, personal communication). For most herbicides, a number of applications may be needed for control. Glyphosate can be applied post-planting, and is most effective as a cut stump spray, but control requires up to two follow-up treatments. Imazapyr has been shown to be the most effective pre-planting herbicide against rhododendron due to greater translocation within stems, such that a single application can give complete control (Willoughby and Dewar, 1995; Edwards and Morgan, 1996; Willoughby et al., 2003) . Unfortunately for the forest industry, it is almost certain that imazapyr will be withdrawn from use in the UK as a result of the current EU pesticides review (C. Edwards, personal communication). The general costs of applying herbicides such as glyphosate and imazapyr are estimated at £85-400 per hectare, and may therefore be considerably cheaper than physical methods when used alone (Willoughby et al., 2003) . However, well-established infestations do require prior mechanical treatment, which increases the cost considerably. The total cost of control of rhododendron in the Snowdonia National Park area alone was estimated at £45 million in 1992, yet these efforts were still not sufficient to control the spread of the weed within the Park (Gritten, 1995) . The high application rates of herbicide required to kill rhododendron can damage herbaceous vegetation and young trees, and there are health and environmental risks associated with volatilization, drift, and leaching of herbicides into watercourses (Willoughby and Dewar, 1995; Willoughby et al., 2003) .
The potential for the biological control of rhododendron For the reasons already outlined, there is a strong case for the development of an alternative approach to rhododendron control in the UK. This weed has a huge economic and ecological impact within forestry in this country, and the problem is not being addressed adequately by current control methods. A number of natural enemies, not present in Britain, have been identified in the native range of rhododendron, including a rust fungus from Portugal (Farr et al., 1996; Evans and Seier, 2001 ). However, the classical approach to biological control of rhododendron would not be acceptable because there are many species of the genus in cultivation as ornamentals in the UK (Mabberley, 1998; Evans and Seier, 2001 ). Therefore, any biological control method employed must involve controlled distribution so it does not pose a threat to cultivated plants in parks and gardens. These requirements could be met by developing a bioherbicide based on a fungus indigenous to the UK for use as a site-selective treatment that could be applied directly to freshly cut stumps to prevent re-sprouting (Evans and Seier, 2001) . A similar approach, risk assessment and technology has already been developed for the bioherbicide, Stumpout ® , based on Cylindrobasidium laeve, in South Africa, and the Chondrostereum purpureum based bioherbicides, 'BioChon' in The Netherlands, and Mycotech™/Chontrol™ in Canada (Evans and Seier, 2001; S. Shamoun, personal communication) . These bioherbicides are sprayed or brushed on to the surface of cut hardwood stumps immediately after felling to prevent re-growth, and are applied either as basidiospores in oil (C. laeve) (Morris et al., 1999) , or as mycelial slurry formulations (C. purpureum) . In this context, such wood-rotting fungi may have the greatest potential for the management of woody weeds such as rhododendron.
Conclusions
Of the four important weeds in UK forestry discussed here (bracken, bramble, Japanese knotweed and rhododendron), it is likely that rhododendron would be the most feasible option for control using a bioherbicide. Chemical control is costly, as a number of applications are normally required to reduce the spread and impact of mature stands of rhododendron. The successful use of wood-rotting fungi as stump treatments to control woody weeds has already been demonstrated, with two such bioherbicide products already on the market as BioChon ® in The Netherlands, and Stumpout ® in South Africa. Stumpout ® is produced at the cottage industry level, can be stored at 5ºC for up to 1 year, and a 10 ml sachet is used to treat 100 Acacia stumps at low cost (Morris et al., 1999; Evans and Seier, 2001) . The method of application currently used for stump treatment bioherbicides, i.e painting or spraying the fungal formulation onto freshly felled stumps, would be compatible with current forestry practice. There would also be the potential for developing a method of bioherbicide application in a single operation via the clearing saw during the felling process.
A potential candidate wood-rotting fungus for the biological control of rhododendron, which can only colonize via wounds, is C. purpureum. This fungus is indigenous to the UK and has previously been associated with die-back of rhododendron in this country, having been isolated from rhododendron by the Forestry Research Alice Holt Disease Diagnostics and Advisory Service in 1975 Strouts and Winter, 2000) . This fungus is already available on the market in Europe as the Dutch product, BioChon ® , although it is registered as a wood decay promoter rather than a bioherbicide. In order to gain approval for Annex 1 listing, a bioherbicide would have to meet the data requirements set out by EU Directive 91/414, which covers pesticides, as well as address the data requirements outlined in the recent amendment, Directive 2001/36, which specifically targets biological pesticides. The registration process for biological pesticides is still under development in Europe. It may be possible to justify the exclusion of certain data concerning environmental issues in the case of an indigenous fungus, provided a strong case is made with backing from the scientific literature.
An investigation could be conducted into the biological control of rhododendron using the bioherbicide approach. Endemic fungi, pathogenic on rhododendron, could be sought in the UK and assessed for their potential as biological control agents. Emphasis should be placed on finding local, adapted strains of C. pupureum (Evans and Seier, 2001 ) since its potential as a stump treatment for woody weeds has already been demonstrated in Canada and The Netherlands. The development of such a bioherbicide in the UK could provide sustainable and economical control of rhododendron, thus reducing its ecological impact and its cost to commercial forestry operations.
